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Abstrat
We study the prodution of Higgs boson (φ) via the e−e+ → e−e+φ proess at a future Interna-
tional Linear Collider (ILC) with
√
S = 1TeV. At this energy the ZZ-fusion rate, as predited by
the Standard Model, dominates over the assoiated ZH prodution rate. Here, we onsider a lass
of theory models based on the eetive φV V (with V = Z, γ) ouplings generated by dimension-
6 operators. We also show how to use the kinematial distributions of the nal state leptons to
disriminate the CP-even and CP-odd Higgs bosons produed at the ILC, when the φγγ oupling
dominates the Higgs boson prodution rate.
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I. INTRODUCTION
Currently the only missing piee of the Standard Model (SM) is the Higgs boson, whih
plays a vital role in this theory as it is assumed to be responsible for the mehanism of
eletroweak symmetry breaking (EWSB). Although only a single neutral CP-even Higgs
boson is present in the SM, more than one Higgs boson may exist in several new physis
models. For example, the two-Higgs doublet model (THDM), one of the simplest extensions
of the SM, predits the existene of three neutral and two harged Higgs bosons. In the
CP-onserving THDM, two of the neutral Higgs bosons are CP-even and the remaining one
is CP-odd. If CP violation appears in the salar potential, the three neutral Higgs bosons
may be a mixture of the CP eigenstates.
The hopes to observe a Higgs boson at the CERN LEP ollider faded away. The lower
bound on the SM Higgs boson (H) mass mH ≥ 115 GeV was obtained from studying the
proess e−e+ → ZH after ombining the data taken by the four LEP experiments. The
main Higgs boson prodution mehanism for a Higgs boson with mass around a few hundred
GeV at a hadron ollider, suh as the Fermilab Tevatron and the CERN Large Hadron
Collider (LHC), is through gluon fusion proess. For mH ≤ 2mW , the Higgs boson will
deay predominantly into a bb¯ pair, but deteting Higgs boson via this hannel is hallenging
beause of the large QCD bakgrounds. In this mass range the rare deay modes H → γγ
and H → WW ∗, ZZ∗ are the most promising hannels for deteting a SM Higgs boson.
With enough integrated luminosity, the Tevatron Run-II is expeted to oer the possibility
of nding a Higgs boson with a mass up to 130 GeV through the assoiated WH or ZH
prodution proesses. At the LHC, the gluon fusion prodution mehanism will allow us to
searh for a Higgs boson via the H → γγ deay mode for mH lower than about 130 GeV,
whereas for mH ranging from 130 GeV to 180 GeV the H →WW ∗, ZZ∗ deay modes ould
yield an observable signal [1℄.
One a Higgs boson is deteted, the next task will be to nd out whether it is the SM
Higgs boson or some other salar bosons predited by other theories. To this aim it is ruial
to determine the properties of this partile, whih may shed light on the EWSB mehanism.
Therefore, apart from a preise determination of the Higgs boson mass (or masses if there is
more than one Higgs boson), one of the main tasks of future olliders will be to determine
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other properties of Higgs boson, suh as its deay rates, its ouplings to other partiles,
its properties of transformation under the disrete symmetries C (harge onjugation) and
P (parity). Several methods have been proposed in the literature to determine the CP
properties of a Higgs boson at hadron [2, 3, 4, 5, 6, 7℄, lepton [8, 9, 10, 11, 12, 13, 14,
15, 16, 17, 18, 19, 20, 21℄ and photon [22, 23, 24, 25℄ olliders. Some of these methods
rely on the study of ertain energy and angular orrelations of the deay produts of the
Higgs boson, whereas others onentrate on the hange in its prodution rate due to the
struture of its ouplings to gauge bosons or heavy fermions. For instane, it was shown
that polarized photon beams ould be used to determine the CP property of a Higgs boson
produed at resonane via photon fusion proess [22℄. Also, the spin and parity properties
of the Higgs boson were analyzed for the e−e+ → ZH proess [8℄. In this work we show that
the e−e+ → e−e+φ proess through V V (with V = Z, γ) fusion at the future International
Linear Collider (ILC) ould help us to determine the CP nature of the Higgs boson. It has
long been known that for large enter-of-mass energies (greater than about 500 GeV) the
ZZ fusion hannel beomes dominant in the e−e+ → e−e+φ proess [26℄. In Ref. [21℄, it was
shown how to measure the degree of CP violation in the Higgs setor via ZZ fusion proess
at a
√
S = 500GeV ILC. As a omplementary study, we will not onsider CP violating ases
in this work. We shall assume CP invariant interations and study how to determine the
CP property of the Higgs boson produed at the ILC with a higher enter-of-mass energy
(
√
S = 1TeV). Sine at this energy, ZZ fusion ontributes with 95% of the total ross
setion, as predited by the SM, we hoose to fous on the V V fusion hannel alone.
Rather than fousing on some spei model and alulating the respetive loop ontri-
butions to the φV V vertex, our study is based on the general Lorentz invariant salar-vetor
boson vertex. In general, three possible ouplings φZZ, φZγ and φγγ, may give rise to ZZ,
Zγ and γγ fusion proesses, whih at high energies will beome the main soure of Higgs
boson prodution. As we shall see later, we found that the eets of the φγγ ouplings are
more eetive for our task, as they an give large ontributions to e−e+φ prodution due to
ollinear enhanement.
The rest of this work is organized as follows. In Setion II we present a brief desription of
the general ouplings. Setion III is devoted to a Monte Carlo analysis for the e−e+ → e−e+φ
proess. Both polarized and unpolarized beams are onsidered and speial attention is paid
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to those kinematial distributions whih are sensitive to both the strength of the anomalous
φV V oupling and the CP property of the Higgs boson. Our onlusions will be presented
in Setion IV. Finally, the heliity amplitudes for the e−e+ → e−e+φ proess are presented
in Appendix A for ompleteness.
II. ANOMALOUS φV V COUPLING
The general Higgs-gauge boson vertex desribing φγγ, φZγ and φZZ ouplings an be
written as:
ΓµνφV V = i aφZZ g
µν + i
gφV V
v
( pµ2p
ν
1 − gµν p1 · p2 ) + i
g˜φV V
v
εµνρσ p1ρp2σ , (1)
where pµ1 and p
ν
2 are the momenta of the gauge bosons. The aφZZ g
µν
term represents the
dimension-4 oupling that appears in models suh as the SM, the THDM and the MSSM.
For simpliity, we will use the SM value aφZZ = 2M
2
Z/v in our study.
The anomalous φV V (with V = γ, V ) ouplings with dimension more than four ould
arise at the one-loop level in a renormalizable theory. Also, from the standpoint of the
eetive Lagrangian approah (ELA) [27, 28℄, these ouplings an be indued by dimension
6 (and higher) operators [29, 30℄. For example, an eetive Lagrangian using a SU(2)×U(1)
salar doublet that ouples with the gauge bosons through dimension-6 operators would be:
LφV Veff =
1
Λ2
∑
i
(
fiOi + f˜iO˜i
)
, (2)
where the CP-onserving operators Oi are given by [31℄
OBW = Φ†BµνWµνΦ,
OWW = Φ†WµνWµνΦ,
OBB = Φ†BµνBµνΦ,
in whih Φ is the Higgs doublet, Bµν = ig
′Bµν and Wµν = ig/2 σ
aW aµν , with Bµν andW
a
µν the
strength tensors of the gauge elds; g′ and g are U(1) and SU(2) gauge ouplings, respetively.
As for the CP-violating operators O˜i, they are obtained from the above ones after replaing
either of the two strength tensors by their respetive dual [23℄. The simultaneous presene
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of both gφV V and g˜φV V for one boson would signal CP violation. As mentioned, we will not
onsider that ase in this work, for this we refer the reader to Ref. [21℄. In our study we
assume a SM-like CP-even Higgs boson h with anomalous ouplings ghV V and/or a CP-odd
Higgs boson A of same mass but with ouplings g˜AV V
1
We will also refer to the SM Higgs
boson H for the purpose of omparison. Throughout this paper, we refer the prodution of
the SM Higgs boson H as the one generated from the Born level dimension-4 HZZ oupling.
Even though higher dimension anomalous operators may arise from loop orretions, we will
assume their eets to be negligible. In ontrast, for the prodution of the SM-like Higgs
boson h, we inlude both the Born level dimension-4HZZ oupling and the higher dimension
anomalous ghV V ouplings in our alulations. For the prodution of the CP-odd Higgs boson
A, only the higher dimension anomalous g˜AV V ouplings are inluded.
A ommon approah for determining the CP property of Higgs boson is to examine the
Zφ assoiated prodution (e−e+ → Zφ → f−f+φ) and analyze the angular distribution
of the Z deay produts [8℄. Evidently, for this approah the relevant oupling is φZZ
(or φZγ). In this work we will onsider a higher energy of 1 TeV for the e+e− ollider
and examine the e−e+ → e−e+φ proess. At this energy V V fusion (V = Z, γ) beomes
dominant. Eventually, we will fous on the γγ fusion sub-proess whih gives a substantial
prodution rate and ould be analyzed to study the CP nature of the Higgs boson φ.
In order to make any preditions for those proesses involving the eetive φV V oupling,
it is neessary to know the order of magnitude of the eetive oupling onstants gφV V .
Several proesses have been disussed in the literature that an be used to obtain bounds
on these oeients. In partiular, based on the ELA, the onstraints from the LEP and
the Tevatron on the reations e+e− → γγγ, pp¯ → jjγγ, pp¯ → γγ + ET , and pp¯ → γγγ
are known to yield bounds on fi/Λ
2
[2, 31℄. To be onsistent with the bounds reported in
Ref. [2℄ we will onsider |fi|/Λ2 ≤ 50 TeV−2, whih implies |gφV V | ≤ 0.3 in our notation, f.
Eq. (1).
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In general, the CP-odd Higgs boson an have a mass dierent from the CP-even Higgs boson. Sine the
goal of this study is to develop methods for determining the CP property of the Higgs boson, we assume
a similar mass for these Higgs bosons to simplify our omparison.
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III. MONTE CARLO ANALYSIS FOR e−e+ → e−e+φ
We now turn to disuss how the e−e+ → e−e+φ proess an be used to determine the
CP property of the Higgs boson. In the following, H stands for the SM Higgs boson, and as
disussed above, h and A denote the CP-even and the CP-odd Higgs boson, respetively.
The Feynman diagrams for e−e+ → e−e+φ are shown in Fig. 1. For the SM Higgs boson
H , the ontributions arise from Higgstrahlung (the left diagram) and vetor-boson fusion (the
right diagram) proesses. For the CP-even Higgs boson h, in addition to the SM diagrams
there would be ontributions arising from the higher dimension hV V ouplings. In ontrast,
for the CP-odd Higgs boson A, the ontributions arise only from the higher dimension AV V
operators, as there is no SM-like tree level AZZ oupling.
We will arry out a Monte Carlo study and onstrut some CP-odd observables whih are
sensitive to the strength of the anomalous φV V ouplings and an be used to disriminate
a CP-even from a CP-odd Higgs boson. In our analysis we will onsider both unpolarized
and polarized lepton beams, and the onvention for the momenta of the external partiles is
taken as follows
e−(p1)e
+(p2)→ e−(p3)e+(p4)φ(p5) , (3)
where p1 and p2 are the inoming momenta and p3, p4 and p5 are out-going momenta.
Given the eetive interation of Eq. (1), it is straightforward to alulate the heliity
amplitudes for e−e+ → e−e+φ. To this end we used the spinor produt formalism introdued
in Refs. [32, 33℄. The resulting amplitudes are presented in Appendix A for the sake of
ompleteness. To numerially illustrate the method of our analysis, we will take the Higgs
boson mass to be 115 GeV (for eah φ = H, h,A) and the enter-of-mass energy of the e+e−
ollider to be 1 TeV.
We will disuss rst the ase of unpolarized beams.
A. Initial onsiderations and basi uts for the γγ fusion t-hannel diagram
The e−e+ → e−e+φ proesses an be divided into two sub-proesses: the Higgstrahlung
proess (V φ prodution with subsequent deay of the vetor boson V into the pair of harged
leptons) and the vetor-boson fusion proess. The Higgstrahlung proess is s-hannel like
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Figure 1: Feynman diagrams for e−e+ → e−e+φ: (a) the eetive theory where the heavy dot
denotes the eetive φV V oupling (V = γ, Z); (b) the Standard Model.
while the vetor-boson fusion proess is t-hannel like. We an separate them by examining
the invariant mass of the outgoing e−e+ pair. (Of ourse, for Zφ prodution one an inlude
the other deay modes of the Z boson whih are not onsidered in this study). In the
Higgstrahlung proess, the two nal state harged leptons originate from the vetor-boson
deay. Therefore, if we require the invariant mass (M34 = me+e−) to be within a 10GeV
range of the Z-boson mass, the ross setion will ome mostly from the s-hannel diagram.
Otherwise, the main ontribution will ome from the t-hannel (ZZ fusion) diagram.
On the other hand, both s- and t-hannel diagrams may have a singular behavior when
the φγγ (or φZγ) oupling is onsidered. In partiular, ollinear and nearly on-shell photon
divergenes appear, and we must impose appropriate uts to avoid these kinematial regions.
In this work we will start by imposing the following onditions:
| cos θ3|, | cos θ4| ≤ 0.99 ,
PT3, PT4 ≥ 10 GeV , (4)
M34 ≥ 5 GeV .
Here, the angle θ3 (θ4) is the polar angle of the outgoing eletron (positron). The inoming
eletron is moving in the +zˆ axis diretion. Pt denotes the transverse momentum. The rst
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Table I: The unpolarized ross setions of e−e+ → e−e+φ, where φ is either the SM Higgs boson H,
the CP-even boson h or the CP-odd A. We have taken
√
S = 1TeV, mφ = 115GeV, ghV V = 0.1
and g˜AV V = 0.1 for V = Z or γ. (Only one anomalous oupling is taken to be non-zero for eah
ase.) We have imposed the basi uts of Eq. (4) in order to avoid the divergent ollinear behavior
of the sattering proesses arising from the φγγ ouplings.
proess σ(fb) σ(fb)
|M34 −mZ | < 10GeV |M34 −mZ | > 10GeV
e−e+ → e−e+H 0.42 9.0
e−e+ → e−e+h (ghZZ) 0.88 8.6
e−e+ → e−e+h (ghγγ) 0.44 13.9
e−e+ → e−e+A (g˜AZZ) 0.21 0.17
e−e+ → e−e+A (g˜Aγγ) 0.02 4.22
two uts are required to avoid ollinear divergenes in the t-hannel proess, whereas the third
ut is required to avoid the divergene when the s-hannel photon goes on-shell when ignoring
the eletron mass in the heliity amplitude alulations. Furthermore, the requirement on
the osine of the polar angles | cos θ| ≤ 0.99, whih orresponds to 172◦ ≥ θ ≥ 8◦, will ensure
that the nal state leptons fall within the detetor overage at the ILC.
The ross setion for e−e+ → e−e+φ with unpolarized beams and a xed value of the
oupling oeients is shown in Table I. The SM predition for the e−e+ → ZH → e−e+H
proess is about 0.4 fb, muh smaller than the 9 fb predited for the t-hannel ZZ fusion
proess at
√
S = 1TeV. The purpose of this work is to distinguish between the CP-even
and CP-odd salars, and we will onentrate on studying the t-hannel proess. Table I also
shows that the ontribution from the φγγ oupling is potentially larger than the ontribution
from the anomalous φZZ oupling with the same magnitude. This is beause the ollinear
divergenes mentioned above only appear in sattering proesses with nearly on-shell photon.
Apart from analyzing the usual kinemati distributions, we will also onsider the following
angular variables whih will be shown later to be sensitive to the CP nature of Higgs boson:
Xe−e+ ≡ X ≡ (pˆ3 − pˆ4) · pˆ1 = cos θ3 − cos θ4,
Ye−e+ ≡ Y ≡ pˆ3 · (~p1 × ~p4)|~p1 × ~p4| −
pˆ4 · (~p1 × ~p3)
|~p1 × ~p3| , (5)
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where the unit vetors pˆi = ~pi/|~pi|. Generally, the experimental analysis of these variables
would require partile identiation of the outgoing leptons. However, the absolute values
of Xe−e+ and Ye−e+ ould also be used with the advantage of not requiring to determine the
harge of the outgoing leptons, separating e+ from e− in the nal state, to disriminate a
CP-even from a CP-odd Higgs boson.
B. Comparison of prodution rates from the φγγ, φZγ and φZZ ouplings in the
t-hannel proess
For the rest of this work we fous our attention on the t-hannel proess, so that we will
require the e−e+ invariant mass to be away from the Z mass value:
|M34 −mZ | ≥ 10 GeV . (6)
It is understood that the onditions of Eqs. (4) and (6) are being applied to the following
analysis. We will refer to these onditions as basi uts.
In Fig. 2 we show the e−e+ → e−e+h prodution ross setion indued by eah of the
3 ouplings, ghγγ, ghZγ and ghZZ . Only one oupling is taken to be non-zero for eah ase.
Beause of the ollinear divergent behavior originated from the photon propagator, the on-
tribution from the hγγ oupling is muh larger for similar values of the oupling oeients.
For the ase of e−e+ → e−e+A prodution, the ross setion depends diretly on the g˜AV V
oupling. We an write down the numerial value of the prodution ross setion as:
σ(Aγγ) = 421× g˜2Aγγ (fb) ,
σ(AZγ) = 145× g˜2AγZ (fb) , (7)
σ(AZZ) = 21.4× g˜2AZZ (fb) .
In general, it is not possible to predit the relative sizes of the anomalous oupling oe-
ients without knowing the underlying theory. In ase that the underlying physis indue all
three eetive ouplings with similar size, the φγγ oupling will produe the biggest eet
on the t-hannel prodution rate of Higgs boson. Thus, hereafter, we will assume that the
eet of this oupling indeed dominates the Higgs boson prodution rate and we shall fous
our attention on the eet of this oupling to various kinemati distributions of the CP-even
and CP-odd Higgs boson signal events.
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Figure 2: The unpolarized e−e+ → e−e+h prodution ross setion for dierent values of the 3
CP-even oupling oeients: ghγγ , ghZγ and ghZZ . The basi uts, Eqs. (4) and (6), have been
applied, and only one anomalous oupling is taken to be non-zero for eah ase.
C. Unpolarized beams
After imposing the basi uts, f. Eqs. (4) and (6), we show in Fig. 3 a few kinemati
distributions whih are useful for determining the CP property of the Higgs boson. They
are the distributions of the transverse momentum and energy of the Higgs boson and lepton,
and the invariant mass of the two nal state leptons.
The results shown in Fig. 3 an be understood as follows. The small tail in the low mass
region of the lepton pair invariant mass plot suggests that the prodution rate is dominated
by the ZZ and/or γγ fusion proesses, and the s-hannel proess is not as important as
the t-hannel proess in high energy ollision with enter-of-mass energy around 1 TeV.
The SM Higgs boson prodution is through the dimension-4 HZZ interation only. While
the CP-even Higgs boson h ould be produed through either the dimension-4 hZZ or the
anomalous hγγ interation, the CP-odd Higgs boson ould only be produed through the
Aγγ interation. Beause of the propagator of the Z-boson in the ZZ fusion proess, the
typial transverse momentum of the nal state lepton after emitting the Z boson in the
ZZ fusion proess is about half of the Z boson mass. In ase of the prodution of the
CP-odd Higgs boson via γγ fusion, the nal state lepton typially has a smaller transverse
momentum, f. Fig. 3(), due to the ollinear enhanement in the emission of an eetive
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Figure 3: The normalized dierential ross setions for the e−e+ → e−e+φ proesses as a funtion
of the orresponding kinematial variable. We show the distributions for the SM H (blue dotted
line), the CP-even h (blak solid line) and the CP-odd A (red dashed line) Higgs bosons. The values
ghγγ = g˜Aγγ = 0.1 have been used. The basi uts ( Eqs. (4) and (6) ) have been applied.
photon from the lepton. Sine the eetive photon is transversely polarized, the lepton
after emitting the eetive photon in the γγ fusion proess an have a large angle relative
to the beam axis, and yields a smaller magnitude in the absolute value of its rapidity. In
ontrast, after emitting a longitudinal (virtual) Z boson, the lepton prefers to move along the
forward diretion whih is obvious from the onsideration of heliity onservation. The net
eet of the ollinear enhanement and the transverse polarization of the emitted eetive
photon to the lepton rapidity distribution an be seen in Fig. 4(a), whih shows the rapidity
distribution of the nal state eletron with the hoie of the inoming eletron in the +zˆ
diretion. The distribution of the nal state positron is not shown beause it has the same
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shape as the eletron's but in the negative rapidity diretion. As ompared to the lepton
rapidity distribution predited by the SM, the one predited for the CP-odd Higgs boson
shows a atter distribution. The result for the CP-even non-SM Higgs boson h lies between
the above two urves. In Fig. 4(b), we also show the distribution of the rapidity dierene,
in its absolute value, between the two nal state leptons in the Higgs boson events. By
taking only the absolute value of the rapidity dierene between the two harged leptons,
we eliminate the requirement of identifying the eletrial harge of the two outgoing leptons,
i.e., separating e+ from e−, whih ould be hallenging for leptons with large rapidity (in
magnitude). For ompleteness, we also show in Fig. 4() the distribution of the lepton
rapidity dierene without taking its absolute values (for the ase that the eletrial harge
of the lepton is identied). Due to the ollinear enhanement disussed above, very little
event rate falls into the negative region.
Next, let us disuss the kinemati distributions of the Higgs bosons. As shown in Figs. 3(a)
and (b), the energy of the CP-odd Higgs boson is typially higher than that of the SM Higgs
boson beause the invariant mass of the nal state lepton pairs in the CP-odd Higgs signal
events is lower than that in the SM Higgs signal events, f. Fig. 3(d), whih is due to the
lower transverse momentum that the nal state leptons an have in the CP-odd Higgs events.
Furthermore, due to the transversity of the emitted eetive photon in the γγ fusion proess,
the possibility for produing two energeti leptons from γγ fusion proess is small, therefore
the energy distribution of the CP-odd Higgs boson drops very fast in the small energy region,
f. Fig. 3(b). The same reasoning also explains the transverse momentum distribution of the
Higgs boson in Fig. 3(a). In all ases, the maximal allowed value for the energy of the Higgs
boson Eφ is onstrained by the enter-of-mass energy (
√
S) of the ollider and the masses of
nal state partiles, it is
Eφ
max
=
√
S
2
− (me+ +me−)
2 −m2φ
2
√
S
∼ 507GeV, (8)
as an be dedued from the three-body phase spae.
We note that in the above kinemati distributions, the CP-odd Higgs boson diers from
the CP-even Higgs boson, but the CP-even Higgs boson has similar distributions as the SM
Higgs boson. To separate the CP-even Higgs boson from the SM Higgs boson bakground,
one ould make use of the rapidity distributions of the nal state leptons, as shown in Fig. 4.
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Figure 4: The normalized dierential ross setion for the e−e+ → e−e+φ proess as a funtion of
the rapidity (dierene). We show the distributions for the SM H (blue dotted line), the CP-even h
(blak solid line) and the CP-odd A (red dashed line) Higgs bosons. The values ghγγ = g˜Aγγ = 0.1
have been used, and the basi uts have been applied.
Table II: The unpolarized ross setions of e−e+ → e−e+φ, where φ is either the SM Higgs boson
H, the CP-even boson h or the CP-odd A. We have taken mφ = 115GeV and onsidered the
following ases: ghγγ = ±0.1 and g˜Aγγ = 0.1. The kinemati uts listed in eah olumn are applied
sequentially.
proess (fb) (fb) (fb)
basi uts |ηe− − ηe+ | ≤ 3 GeV |ηe− − ηe+ | ≤ 2 GeV
e−e+ → e−e+H 9.0 1.09 0.17
e−e+ → e−e+h (ghγγ = 0.1) 13.9 3.50 1.42
e−e+ → e−e+h (ghγγ = −0.1) 13.7 3.30 1.28
e−e+ → e−e+A (g˜Aγγ = 0.1) 4.22 1.91 0.91
Sine the CP-even Higgs boson h an be produed either from ZZ or γγ fusion proess, the
eletron rapidity distribution lies in between the SM Higgs boson and CP-odd Higgs boson.
Based on the dierent shapes in the rapidity distributions of H , h and A, f. Fig. 4, we
an impose further uts to redue the SM rate (whih is referred below as the bakground
rate). In Table II we show the ross setions after demanding the rapidity dierene between
the two leptons to be smaller than 3 and 2, separately. The former ut, |ηe− − ηe+ | < 3,
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inreases the signal-to-bakground ratio by about a fator 2 while keeping about 25% of the
signal rate for the CP-even Higgs boson for both positive and negative ghγγ. For the CP-odd
Higgs boson, this ut inreases the signal-to-bakground ratio by about a fator of 3.7 while
keeping about 45% of the signal rate. That more CP-odd Higgs boson events survive this
ut is due to the dierent eletron rapidity distributions as disussed above. As shown in
Fig. 4(b), it would be possible to make a substantial redution (by an order of magnitude)
of the SM rate by imposing a lower rapidity dierene ut. We observe, nevertheless, that
for the stringent ut (|ηe− − ηe+ | < 2) with ouplings gφγγ and g˜φγγ of order 0.1, only a small
ross setion of about less than 1 fb may be left. This may make it diult to observe any
events in a more realisti analysis. We therefore hoose not to use this stronger ut. For the
remainder of this work, in addition to the basi uts we will apply the following ut
2
:
|ηe− − ηe+| ≤ 3. (9)
But it is worth mentioning that with a high luminosity in the upgraded ILC, one ould use
a tight ut to ahieve a better signiane.
In Fig. 5, we present a few kinemati distributions after imposing the lepton rapidity
dierene ut, f. Eq. (9), together with the basi uts. First of all, we note that the typial
invariant mass of the lepton pair beomes smaller beause the two leptons have a smaller
rapidity separation. Furthermore, the SM Higgs boson rate is suppressed enough that the
CP-odd Higgs boson rate beomes omparable to the SM rate. From the onservation of
total energy, a smaller me−e+ implies a larger energy Eφ (and transverse momentum pTφ) of
the Higgs boson whih is evident in Fig. 5. Again, the me−e+ distribution of the CP-even
Higgs boson h is similar to the CP-odd Higgs boson A in the small invariant mass me−e+
region while similar to the SM Higgs boson H in the large invariant mass me−e+ region.
However, the detailed distribution depends on the interferene pattern generated by the
inlusion of the dimension-6 hγγ operator. Clearly, the dierene in the above mentioned
kinematial distributions of the lepton pair and Higgs boson originates from dierent spin
orrelations in the sattering amplitudes for produing the three dierent Higgs bosons. To
further investigate their dierene, we also show in Fig. 5 the distributions of cos(θe− − θe+)
2
Notie that the uts imposed in this work do not require identifying the eletri harge of the leptons, i.e.,
separating e+ from e−.
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Figure 5: The normalized dierential ross setions for the unpolarized e−e+ → e−e+φ proesses as
a funtion of the orresponding kinematial variable. We show the distributions for the SM H (blue
dotted line), the CP-even h (blak solid line) and the CP-odd A (red dashed line) Higgs bosons.
The values ghγγ = g˜Aγγ = 0.1 have been used. The basi uts and the lepton rapidity dierene
ut, f. Eq. (9), have been applied.
and cos(φe− − φe+), where θi and φi are the polar and azimuthal angles of the lepton i in
the nal state, and the two new observables Xe−e+ and Ye−e+ , f. Eq. (5). The ause of the
dierene in the distributions of the above physial observables an be better understood
when we study the ase of polarized beams whih will be disussed in the next setion.
Sine the polarization of the inoming eletron and positron beams would be possible at
the ILC, it is worth analyzing this possibility. Below we will show that polarized beams are
indeed useful for distinguishing a CP-even from a CP-odd Higgs boson.
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Table III: Cross setion for e−λ1e
+
λ2
→ e−e+φ when the initial state leptons are polarized. L and
R stand for a left-handed or right-handed polarized lepton beam. We have taken mφ = 115GeV,
ghγγ = 0.1 and g˜Aγγ = 0.1.
σ(fb) e−λ1e
+
λ2
→ e−e+H e−λ1e+λ2 → e−e+h e−λ1e+λ2 → e−e+A
LL LR RL RR LL LR RL RR LL LR
RL
RR
basi uts 8.65 13.17 5.54 8.65 17.16 13.85 7.47 17.16 4.66 3.77
3.77
4.66
with |ηe− − ηe+ | ≤ 3 1.06 1.57 0.67 1.06 4.93 2.33 1.85 4.93 2.21 1.61 1.61 2.21
D. Polarized beams
Let us analyze to what extent the polarization of the ollider beams ould help us to
disriminate between CP eigenstates of Higgs bosons. For simpliity, we assume a 100%
degree of polarization. Needless to say that in pratie the beam polarization will be only
partially longitudinal or partially transverse. Using the rapidity uts given in Eq. (9) we
alulated the rates for the e−λ1e
+
λ2
→ e−e+φ (with λ1, λ2 = L orR) proesses, whih are
shown in Table III for all the possible polarization states of the initial leptons. The rates
shown in the rst row are with the basi uts only, and the rates in the seond row are with
the additional ut on the lepton rapidity dierene, f. Eq. (9). Sine we assume CP is
onserved in this study, the prodution rate of e−Re
+
R is the same as the e
−
Le
+
L rate.
For the sake of illustration we will present below the kinemati distributions for left-left
and left-right handed polarized beams, i.e. e−Le
+
L → e−e+φ and e−Le+R → e−e+φ, denoted as
LL and LR, respetively.
1. Left-left handed polarized beams
Fig. 6 shows various kinemati distributions for e−Le
+
L → e−e+φ when left-left handed
polarized beams are used, in whih both the basi uts and the lepton rapidity dierene
ut, f. Eq. (9), have been imposed. It is evident from the gure that the use of polarized
beams enhanes the dierenes between some distributions, like cos (θe− − θe+) and Ye−e+
distributions, f. Eq. (5). We note that for this polarization state of the ollider beams
there is no s-hannel ontribution to the prodution proess. The SM Higgs boson H is
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Figure 6: Same as Fig. 5 for left-left polarized beams.
produed from ZZ fusion and the CP-odd Higgs boson A is produed from γγ fusion, while
the CP-even Higgs boson h an be produed via both ZZ and γγ fusion proesses. Through
a simple algebra, one an show that
Ye−e+ ∝ sin θe− sin θe+ [cos (φe− + φe+)− cos (φe− − φe−)] ,
therefore, Ye−e+ and cos (φe− − φe+) provide almost the same information. To investigate
the dierent shapes in the cos(φe− − φe+) and Ye−e+ distributions between h and H pro-
dutions, we show in Fig. (7) the distributions of cos (θe− − θe+) and Ye−e+ after swithing
o the hZZ interation in the h prodution, namely, only the hγγ interation is inluded
in this omparison. It is lear that due to the dierent CP property of h and A bosons,
the distributions of Ye−e+ are very dierent for h and A bosons, f. Fig. 7(b), while the
distribution of cos (θe− − θe+) is almost the same for h and A bosons, f. Fig. 7(a). Hene,
we onlude that the azimuthal angle distributions are more sensitive to the CP property of
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Figure 7: Distributions of cos (θe− − θe+) and Ye−e+ after swithing o the hZZ interation in the
h prodution, namely, only the hγγ interation is inluded in this omparison.
the Higgs bosons. Partiularly, in the Ye−e+ distribution, a dip ours around Y = 0 for the
CP-odd A boson prodution. In ontrast, the rate is enhaned at Y = 0 for the CP-even
h boson prodution. Needless to say that after turning bak on the hZZ interation, the
distributions of the h boson prodution are also aeted by the interferene eet between
the hZZ and hγγ interations whih results in the atual distributions shown in Fig. 6.
Similar onlusion also holds for the cos(φe− − φe+) distributions.
2. Left-right handed polarized beams
Next, we onsider the ase that the eletron beam is left-handedly polarized while the
positron beam is right-handedly polarized. For this polarization state of the ollider beams,
both s- and t-hannel proesses ontribute to the prodution of Higgs boson. In Fig. 8, we
show the similar kinemati distributions disussed above for omparison. One distint feature
in this set of distributions is that there are enhanement rates (spikes) when the energy Eφ
and transverse momentum pTφ of the Higgs boson are near 500 GeV, cos(θe− − θe+) and
cos(φe− − φe+) are near 1, and both Xe−e+and Ye−e+ are near 0. All of these spikes originate
from the s-hannel proess. In the s-hannel prodution proess, the invariant mass of the
di-lepton pair an take a small value, i.e., the di-lepton pair is produed from the deay
of Z boson or a low invariant mass of virtual photon. Obviously, the enhanement fator
is larger for a di-lepton pair produed from a low mass virtual photon than an on-shell Z
18
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Figure 8: Same as Fig. 5, but for left-right polarized beams.
boson. That explains why, for example, in the Ye−e+ distribution, both h and A prodution
show a strong peak than the H prodution in whih only the dimension-4 HZZ oupling is
onsidered.
IV. CONCLUSIONS
We study the prodution of Higgs boson (φ) via the e−e+ → e−e+φ proess at a future
International Linear Collider (ILC) with
√
S = 1TeV. At this energy the Standard Model
ZZ-fusion rate dominates over the assoiated ZH prodution rate. Here, we onsider a
lass of theory models based on the eetive φV V (with V = Z, γ) ouplings generated by
dimension-6 operators. We also show how to use the kinematial distributions of the nal
state leptons to disriminate the CP-even and CP-odd Higgs bosons produed at the ILC,
when the φγγ oupling dominates the Higgs boson prodution rate. Assuming the Higgs
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boson is identied, we have found that the kinematial distributions (and orrelations) of
the nal state e−e+ pair an be used to test the CP nature of the Higgs boson. In partiular,
we have found that requiring the absolute value of their rapidity dierene to be within 3 an
greatly redue the SM rate so that the ontributions from anomalous ouplings are relatively
enhaned and it beomes easier to use φγγ ouplings to determine the CP property of Higgs
boson. One advantage of these uts is that it is not neessary to determine the eletri
harge of the nal state e−e+ pair. (Partile identiation ould be hallenging for leptons
with large rapidity values (in magnitude).) Furthermore, we dene two kinematial variables
Xe−e+ and Ye−e+ . The shapes of these distributions for a CP-even Higgs boson are dierent
from those for a CP-odd Higgs boson. To distinguish a CP-odd Higgs boson from a CP-even
Higgs boson produed via e−e+ → e−e+φ proess at a 1 TeV ILC, it is most eetive to use a
left-handedly polarized eletron beam olliding a left-handedly polarized positron beam, and
the observable with the biggest disriminating power is the Ye−e+ distribution, as dened in
Eq. (5).
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Appendix A: HELICITY AMPLITUDES FOR e−e+ → e−e+φ
In this appendix we outline the alulation of the heliity amplitudes for e−e+ → e−e+φ.
We use the method of Ref. [32, 33℄, whih breaks down the four-dimensional Dira algebra
into an equivalent two-dimensional one. In the Weyl basis, Dira spinors have the form ψ+
ψ−
 , (A1)
where
ψ± =
 u
(λ=1)
± = ω±χ1/2
u
(λ=−)
± = ω∓χ−1/2
(A2)
for fermions and
ψ± =
 v
(λ=1)
± = ±ω∓χ−1/2
v
(λ=−)
± = ∓ω±χ1/2
(A3)
for antifermions. ω± =
√
E ± |~p| and χλ/2 stands for the eigenvetors of the heliity operator
pˆ · ~σ with eigenvalue λ = 1 for spin-up fermions and λ = −1 for spin-down fermions:
χ1/2 =
 cos θ/2
eiφ sin θ/2
 , χ−1/2 =
 −eiφ sin θ/2
cos θ/2
 . (A4)
We will use the shorthand notation |pi±> for χ±1/2. In this basis, the Dira matries have
the form
γ0 =
 0 1
1 0
 , γj =
 0 −σj
σj 0
 , γ5 =
 1 0
0 −1
 , (A5)
where σj are the 2× 2 Pauli matries. We an write
6p =
 0 p0 + ~σ · ~p
p0 − ~σ · ~p 0
 ≡
 0 6p+
6p− 0
 , (A6)
where γµ± = (1,∓~σ). Let us denote the heliity amplitudes by M(λe−
1
, λe+
2
, λe−
3
, λe+
4
), where
λi represents the heliity of the partile i. The onvention for the momenta of the exter-
nal partiles is given in Eq. (3). After a straightforward alulation, the following heliity
amplitudes for e−e+ → e−e+φ are obtained.
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1. SM Higgs boson
The SM Higgs boson an be produed through the Higgstrahlung or ZZ-fusion pro-
ess, as shown in Fig. 9. The former is s-hannel like but the latter is t-hannel like.
The heliity amplitudes MHZZSM (λe−
1
, λe+
2
, λe−
3
, λe+
4
) for the SM Higgs boson prodution via
e−(p1, λe−
1
)e+(p2, λe+
2
)→ e−(p3, λe−
3
)e+(p4, λe+
4
)H(p5) are listed as follows:
MHZZSM (+ + ++) = Cfac
2 gHZZe
Z
Le
Z
R
(p2k −m2Z)(p2q −m2Z)
〈1−|2+〉 〈4+|3−〉 , (A7)
MHZZSM (−−−−) = Cfac
2 gHZZe
Z
Le
Z
R
(p2k −m2Z)(p2q −m2Z)
〈1−|4+〉 〈2+|3−〉 , (A8)
MHZZSM (−++−) = Cfac
2 gHZZe
Z
Le
Z
R
(p2l −m2Z)(p2m −m2Z)
〈2−|4+〉 〈3+|1−〉 , (A9)
MHZZSM (+−−+) = Cfac
2 gHZZe
Z
Le
Z
R
(p2l −m2Z)(p2m −m2Z)
〈2+|4−〉 〈3−|1+〉 , (A10)
MHZZSM (−+−+) = Cfac
{
2 gHZZe
Z
Le
Z
R
(p2k −m2Z)(p2q −m2Z)
〈4+|3−〉 〈1−|2+〉
+
2 gHZZe
Z
Re
Z
L
(p2l −m2Z)(p2m −m2Z)
〈2−|3+〉 〈4+|1−〉
}
, (A11)
MHZZSM (+−+−) = Cfac
{
2 gHZZe
Z
Le
Z
R
(p2k −m2Z)(p2q −m2Z)
〈1+|2−〉 〈4−|3+〉
+
2 gHZZe
Z
Le
Z
R
(p2l −m2Z)(p2m −m2Z)
〈2−|3+〉 〈4+|1−〉
}
. (A12)
Here,
eZL =
1
cW
(−1
2
+ s2W ),
eZR = −sW ,
and the SM H-Z-Z oupling is
gHZZ =
g
cW
mZ ,
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Figure 9: Feynman diagrams for e−e+ → e−e+φ.
in whih sW = sin θW and cW = cos θW with θW being the weak mixing angle. The ommon
fator Cfac is dened as
Cfac = (−ig2)
√
2E1
√
2E2
√
2E3
√
2E4 ,
and the momenta of the intermediate state partiles are dened as pq = p2−p4, pk = p1−p3,
pl = p1 + p2, and pm = p3 + p4.
2. CP-even Higgs Boson
The CP-even Higgs boson gets both the SM-like ontribution and the anomalous ontri-
bution,
Meven =MhZZSM +
∑
V=γ,Z
MhV V .
The SM-like ontribution an easily obtained from Se. A 1 by replaing the SM Higgs boson
(H) with the CP-even Higgs boson (h). The anomalous ontributions are listed as follows:
MhV V (+ + ++) = Cfac ghV V e
V
Le
V
R
p2kp
2
q
{
2(pk · pq) 〈1+|4−〉 〈2−|3+〉 −
〈
1+| 6pq−|3+
〉 〈
2−| 6pk+|4−
〉}
,
(A13)
MhV V (−−−−) = Cfac ghV V e
V
Le
V
R
p2kp
2
q
{
2(pk · pq) 〈1−|4+〉 〈2+|3−〉 −
〈
2−| 6pq+|1−
〉 〈
3+| 6pk−|4+
〉}
,
(A14)
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MhV V (−++−) = Cfac ghV V e
γV
L e
V
R
p2l p
2
m
{
2(pl · pm) 〈2−|4+〉 〈3+|1−〉 −
〈
2−| 6pm+|1−
〉 〈
3+| 6pl−|4+
〉}
,
(A15)
MhV V (+−−+) = Cfac ghV V e
V
Le
V
R
p2l p
2
m
{
2(pl · pm) 〈2+|4−〉 〈3−|1+〉 −
〈
2+| 6pm−|1+
〉 〈
3−| 6pl+|4−
〉}
,
(A16)
MhV V (−+−+) = Cfac ghV V e
V
Le
V
R
p2kp
2
q
{
2(pk · pq) 〈4+|3−〉 〈1−|2+〉 −
〈
2−| 6pq+|1−
〉 〈
3−| 6pk+|4−
〉}
(A17)
+ Cfac
ghV V e
V
Le
V
R
p2l p
2
m
{
2(pl · pm) 〈2−|3+〉 〈4+|1−〉 −
〈
2−| 6pm+|1−
〉 〈
3−| 6pl+|4−
〉}
,
(A18)
MhV V (+−+−) = Cfac ghV V e
V
Le
V
R
p2kp
2
q
{
2(pk · pq) 〈1+|2−〉 〈4−|3+〉 −
〈
1+| 6pq−|3+
〉 〈
2+| 6pk−|4+
〉}
+ Cfac
ghV V e
V
Le
V
R
p2l p
2
m
{
2(pl · pm) 〈2+|3−〉 〈4−|1+〉 −
〈
2+| 6pm−|1+
〉 〈
3+| 6pl−|4+
〉}
.
Here,
eVL =

1
cW
(−1
2
+ s2W ) V = Z
−sW V = γ
,
eVR =

s2W
cW
V = Z
−sW V = γ
,
and the anomalous ouplings ghV V are related to the oeients fi in Eq. (2) by
ghV V = −g s
2
WmW
2Λ2
(fBB + fWW ) .
Again, we have dened pq = p2 − p4, pk = p1 − p3, pl = p1 + p2, and pm = p4 + p3.
3. CP-odd Higgs Boson
The CP-odd Higgs boson reeives ontributions only from the anomalous ouplings, i.e.
Modd =
∑
V=γ,Z
MAV V .
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Using the method of Ref. [3℄, we obtained the following heliity amplitudes:
MAV V (+ + ++) = Cfac g˜AV V e
V
Le
V
R
p2kp
2
q
{
〈1+|4−〉 〈2−| 6pk+ 6pq−|3+〉− 〈3−|2+〉 〈4+| 6pk− 6pq+|1−〉
}
,
MAV V (−−−−) = Cfac g˜AV V e
V
Le
V
R
p2kp
2
q
{
〈3+|2−〉 〈4−| 6pk+ 6pq−|1+〉− 〈1−|4+〉 〈2+| 6pk− 6pq+|3−〉
}
,
MAV V (−++−) = Cfac g˜AV V e
V
Le
V
R
p2l p
2
m
{
〈1+|3−〉 〈4−| 6pl+ 6pm−|2+〉− 〈2−|4+〉 〈3+| 6pl− 6pm+|1−〉
}
,
MAV V (+−−+) = Cfac g˜AV V e
V
Le
V
R
p2l p
2
m
{
〈2+|4−〉 〈3−| 6pl+ 6pm−|1+〉− 〈1−|3+〉 〈4+| 6pl− 6pm+|2−〉
}
,
MAV V (−+−+) = Cfac g˜AV V e
V
Le
V
R
p2kp
2
q
{
〈3+|4−〉 〈2−| 6pk+ 6pq−|1+〉− 〈1−|2+〉 〈4+| 6pk− 6pq+|3−〉
}
+ Cfac
g˜AV V e
V
Le
V
R
p2l p
2
m
{
〈1+|4−〉 〈3−| 6pl+ 6pm−|2+〉− 〈2−|3+〉 〈4+| 6pl− 6pm+|1−〉
}
,
MAV V (+−+−) = Cfac g˜AV V e
V
Le
V
R
p2kp
2
q
{
〈1+|2−〉 〈4−| 6pk+ 6pq−|3+〉− 〈3−|4+〉 〈2+| 6pk− 6pq+|1−〉
}
+ Cfac
g˜AV V e
V
Le
V
R
p2l p
2
m
{
〈2+|3−〉 〈4−| 6pl+ 6pm−|1+〉− 〈1−|4+〉 〈3+| 6pl− 6pm+|2−〉
}
,
where the anomalous ouplings g˜AV V are related to the oeients fi in Eq. (2) by
g˜AV V = −g s
2
WmW
2Λ2
(
f˜BB + f˜WW
)
.
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